In this work, the effect of alloying an element with positive heat of mixing with Co on the free volume and compressive plasticity of a ZrCoAl bulk metallic glass was investigated. By substituting Co with Cu, fully amorphous rods of 2 mm diameter can be obtained over a wide composition range. With the addition of Cu, the free volume changes from 0.09 to 0.18%, and the fracture plastic strain changes from 1 to 12.4%. However, there is no strong correlation between the free volume and the compressive plasticity. In addition to the free volume content, other factors such as the size, shape and distribution of the free volume sites may also affect the plasticity of BMGs.
Introduction
Due to the limited room-temperature ductility of bulk metallic glasses (BMGs), tremendous efforts have been paid over the last decades to develop BMGs with enhanced plasticity. A number of BMG systems with improved ductility have been developed, including ZrTaCuNiAl, 1) ZrCuNiAl, 2) ZrCuAgAl, 3) ZrPdFeAlAg, 4) CuAgZrTi, 5) CuTiZrNbNiSi, 6 ) CuZrAlY, 7) TiZrCuNiBeNb, 8) TiZrCuPdSn, 9) MgCuAgGd, 10) NiZrNbAlTa. 11) It is interesting to note that in many of these BMGs with enhanced plasticity, an atomic pair exists with positive enthalpy of mixing, i.e., ZrTa in ZrTaCuNiAl, CuNi in ZrCuNiAl, CuAg in ZrCuAgAl and CuAgZrTi, FeAg in ZrPdFeAlAg, ZrNb in CuTiZrNbNiSi and TiZrCuNiBeNb, ZrY in CuZrAlY, CuSn in TiZrCuPdSn. Park et al. considered that the addition of alloying elements with positive heat of mixing can induce atomicscale local inhomogeneities or fluctuations in the local free volume distribution. 6) When the constituent elements are not mixed uniformly, the atomic-packing density becomes lower, and thereby an open structure with more free volume is obtained.
12) It was pointed out that a large amount of free volume will enhance the plasticity of BMGs. 13, 14) However, the plasticity of BMGs usually does not increase monotonously with the addition of an element having positive heat of mixing with the constituent elements of the alloy. More work is therefore needed to examine the relationship and the role of free volume on the plasticity of BMGs of different compositions.
In the present work, the effect of alloying Cu, which has a positive heat of mixing with Co, on the free volume and plasticity of the Zr 56 Co 28 Al 16 BMG was investigated. The reasons for selecting this alloy and the alloying element for the present study are: (1) Zr 56 Co 28 Al 16 has a large glass forming ability (GFA); 15) (2) Cu and Co have a moderate degree of positive heat of mixing of +6 kJ/mol, 16) which is a typical value of the heat of mixing between the alloying element and the constituent element of the base alloy; (3) Cu and Co have a similar atomic radius (atomic radius of Cu and Co are 0.128 and 0.125 nm respectively 17) ). With the moderate degree of positive heat of mixing between Cu and Co and the similarity in their atomic radii, it is expected that the substitution of Co with Cu can increase the amount of free volume for the Zr 56 Co 28 Al 16 BMG, without drastically reducing its glass forming ability.
Experimental

Sample preparation and characterization
Alloy ingots with nominal compositions of Zr 56 Co 28¹x Cu xAl 16 (x = 0, 3, 6, 12, 15, 21, 28) were prepared from high purity elements (purity > 99.8 mass%) by arc melting the mixture of the elements in a Ti-gettered high purity argon atmosphere. Cylindrical alloy rods of 2 mm diameter were prepared from these ingots by water-cooled copper mold casting. The structures of the alloys were examined by X-ray diffraction (XRD, Bruker D8 Advanced) with monochromated Cu K¡ radiation and a transmission electron microscope (TEM, JEOL JEM 2010F). The TEM specimens were prepared by mechanical grinding, followed by ion milling with a Gatan 691 precision ion polishing system operating at 5 keV. Uniaxial compression tests were carried out on an MTS 810 material testing system at a strain rate of 10 ¹4 s
¹1
using cylindrical rods with a diameter of 2 mm and a length of 4 mm. Both ends of the rods were carefully polished to ensure parallelism. The deformation of the specimen was measured by a calibrated extensometer. At least three samples for each alloy composition were tested to check the reproducibility of the results. The lateral surfaces of the compression samples after fracture were examined by scanning electron microscopy (JEOL JSM 6490). 
Determination of free volumes
where ¢ is a constant. 20) and 623 21) kJ/mol respectively, which are very close to each other. "C p is the specific heat difference between the metallic glass for which the free volume is to be determined and the reference state. Structurally relaxed metallic glasses after a long annealing time are often used as the reference state. 18, 21) However, since the degree of structural relaxation depends logarithmically on time, the ideal reference state can never be achieved in practice. 22) Furthermore, during a long annealing time, partial crystallization may also occur. These factors will increase the uncertainty of the free volume value determined by the calorimetric method. The fully-crystallized alloy of metallic glass was taken as the reference state in the present work since this is a state which is more definite and easily attainable. Although the final crystallization product may have varied grain sizes, depending on the crystallization temperature and time, little uncertainty will be introduced from the fully-crystallized reference state since Sun et al. pointed out that there is no significant difference between the specific heat of the as-crystallized nanocrystalline alloy and the coarse-grained polycrystalline state.
23)
The measurements were carried out on a differential scanning calorimeter (DSC, Perkin Elmer DSC7) under a constant nitrogen flow. Each measurement involves four successive runs: an empty aluminum pan, a standard synthetic sapphire disk of about 10 mg in weight, the ascast BMG and the fully crystallized BMG. The specific heat capacity of the sample was then calculated from the following formula: 24, 25) 
where C p (T) s is specific heat capacity of the sample, C p (T) ss is specific heat capacity of the sapphire standard, D s is the heat flow difference between the empty specimen holder and the specimen in the DSC thermal curves at a given temperature, D ss is heat flow difference between the empty specimen holder and the sapphire standard in the DSC thermal curves at a given temperature, W s is mass of the specimen and W ss is the mass of the sapphire standard. For each run, the sample was first kept at 30°C for 2 min, then heated to 580°C at a heating rate of 80°C/min and finally held isothermally heated at 580°C for 6 min. Samples of about 15 mg were used. Three measurements in total were done for each alloy. All the measurements for different alloys were arranged in a random order to eliminate the possible influence from the instability of the equipment. 15) Although the exact critical casting diameters for the other alloys in this system were not determined, the addition of Cu in substitution for Co over a wide composition range in the Zr 56 Co 28¹x Cu x Al 16 system seems not to cause much deterioration of the GFA since GFA is strongly dependent on the composition. 26) It is interesting to note that for the CuZrYAl alloy system in which the heat of mixing of the ZrY binary pair is +9 kJ/mol 16) 7 7) with the substitution of Zr with Y. It is thus favorable to choose an alloying element having similar atomic radius and moderate degree of positive heat of mixing with the element to be substituted in the base alloy in order not to significantly degrade the glass forming ability of the base alloy. Figure 3 Fig. 4 . Shear bands can be observed in all the fractured samples. It also reveals that the BMG with x = 3 has more intersecting and branched shear bands, which is consistent with the result of the compression test.
Results and Discussion
The apparent specific heat capacity (C p ) curves of the ascast and fully crystallized Zr 56 Co 28¹x Cu x Al 16 (x = 0, 3, 6, 12, 15, 21, 28) alloys are depicted in Fig. 5 . For the as-cast BMG and its fully crystallized alloy, both their C p values are nearly identical and increase slightly when the temperature is below about 500 K. With increasing temperature, the C p of the ascast BMG drops and its value becomes smaller than that of the fully crystallized alloy. The point at which the C p of the as-cast BMG falls below the fully crystallized alloy is defined as the onset temperature of structural relaxation (T r onset ). With further increase of the temperature above the onset relaxation temperature, the C p of the fully crystallized alloy continues to increase slightly, whereas the C p of the ascast BMG decreases more rapidly before increasing. When the value of the as-cast BMG becomes identical with the fully crystallized alloy, the temperature is defined as the end temperature of the structural relaxation (T r end ). The C p of the as-cast BMG will then increase abruptly above T r end , which corresponds to glass transition into the supercooled liquid region. The corresponds to the temperature at the end of the structural relaxation as well as the onset of glass transition T g onset , 28) which is consistent with the results of the current study. The structural relaxation enthalpies ("H) for the as-cast BMGs are calculated by integrating the specific heat difference between the as-cast BMG and the fully crystallized alloy over the temperature range of T r onset and T r end . The relaxation enthalpies fall in the range of 475.9974.4 J/mol. From these "H values, the free volume ("v f ) was derived from eq. (1), with the constant ¢ chosen as 552 kJ/mol. 18,21,28) Figure 6 (b) also reveals that the free volume does not have a strong correlation with the amount of Cu, which has a positive heat of mixing with Co. When the fracture plastic strain-composition curve as shown in Fig. 6(b) is also considered, it demonstrates that for BMGs with different compositions it is not necessary that there is strong correlation between the free volume content and the fracture plastic strain, which differs from the results reported by Xie et al., in which there was a qualitative correlation between the free volume and compressive plastic strain in BMGs. 14) In the Zr 56 Co 28¹x Cu x Al 16 alloy system, due to solutesolute avoidance 29) and a repulsive interaction between the Co and Cu atoms from the positive heat of mixing between Co and Cu, the Co and Cu atoms will principally coordinate with Zr and/or Al atoms. Encaged in a coordinate shell composed of Zr and Al atoms, Co atoms will not be affected due to the existence of Cu atoms. As a result, the addition of Cu, having a positive heat of mixing with Co, will not reduce the packing density and increase the free volume of the Zr 56 Co 28¹x Cu x Al 16 alloys, as may be supposed. With regard to the conclusion that no positive correlation can be found between the free volume content and the plasticity, it can be understood from the fact that the plasticity of metallic glasses not only depends on the total free volume content, but also is influenced by factors such as the size, shape and spatial distribution of the free volume sites. 30, 31) Besides the free volume, Yokoyama et al. pointed out that the plasticity and toughness of metallic glass is also associated with the degree of metallic bonding. 32) For metallic glasses with different compositions, even through their free volumes are identical, they may have a distinct degree of metallic bonding and dissimilar plasticity. In metallic glass with the same chemical composition but different processing conditions such as quenching rate, 33, 34) annealing 35, 36) and mechanical pre-deformation, 37, 38) a good correlation between the free volume content and the plasticity can usually be found. Contrasting with the findings in this work, it can be concluded that although free volume in metallic glass changes with chemical composition, free volume alone cannot fully describe the influence of the composition on the structure and the mechanical properties of metallic glasses with different compositions. In some circumstances where the chemical effect does not exist, the free volume can be used as a useful parameter to bridge the structure and properties of metallic glasses.
Conclusion
Effect of addition of an element having positive heat of mixing with the constituent elements of metallic glass on the free volume and compressive plasticity was investigated in the Zr 56 Co 28¹x Cu x Al 16 (x = 0, 3, 6, 12, 15, 21, 28) alloy system. Fully amorphous alloy rods with a diameter of 2 mm can be prepared over the entire composition range by copper mold casting. The compressive plasticity initially increases and then decreases with the addition of Cu, with the alloy of x = 3 exhibiting the highest strength of 2241 MPa and the largest fracture plastic strain of 12.4%. The specific heat capacities for the as-cast metallic glass and its fully-crystallized alloy are nearly the same at relatively lower temperatures. Above ³450530 K during isochronal heating at 80 K/min, the apparent specific heat of the as-cast metallic glass falls below the fully-crystallized alloy and structural relaxation process occurs, which completes at the glass transition temperature. The free volume calculated from the structural relaxation enthalpy ranges from 0.09 to 0.18%. No definite correlations among the addition of an element with positive heat of mixing, the free volume and the compressive plasticity can be found in the Zr 56 Co 28¹x Cu x Al 16 (x = 0, 3, 6, 12, 15, 21, 28) alloy system. 
